The technique of integrated design optimization is proposed to design spatial structures. Various element technologies such as topology optimization, layout editing and size optimization processes are used in an integrated manner to improve the performance of spatial structures. In order to demonstrate the present technique, a unit spatial structure is optimized and numerical results are described here.
INTRODUCTION
Structural design optimization algorithms have researched to a certain maturity in this decade. Many ideas on this subject have emerged and this has subsequently leaded to the developments of a number of computational tools to provide a better structural performance. Structural optimization has been classified into three categories: size, shape and topology optimizations in which parameters associated with the size, shape and topology of a structure are basically used as design variable and updated in the optimization process.
Early optimization research focused on a single type of design variable. Then, the integrated design optimization techniques Maute and Ramm, 1995; have emerged with great potentiality. It has been advocated that the use of integrated design optimization could considerably enhance the performance of structures.
Modern integrated optimization approaches have been inspired by the development of topology optimization techniques (Bendsφe, 1989 ) which can provide an alternative topology to the initial structures. That is why the existing integrated optimization techniques advocated by various research centre throughout the world recommended a very similar procedures. proposed a basic strategy of integrated design optimization which starts with the topology optimization. After topology optimization, the result of the topology optimization is edited to get rid of weak material zones and the splines are then fitted around the boundary of the material zone. This approach is a simple but provides the most fundamental idea of the integrated optimization techniques. In their approach, the original homogenization technique (Bendsφe and Kikuchi, 1988 ) is used with the standard resizing algorithm based on the optimality criteria method and then after the fitting process a traditional boundary shape optimization technique is used with the geometric definition such as B-splines.
On the other hand, a repetitive process has been proposed by Maute and Ramm (1995) . Their work may be considered as a combined process of topology and shape optimizations. In their approach, the topology optimization is initiated and the shape or the topology optimization is then carried out with new structure which is obtained from the parameterization of the topology optimization result. The main aim of their approach is to demonstrate a general process of shape optimization with the use of shape and topology optimization tools. The most comprehensive research on integrated design optimization is the so-called 'fully integrated design optimization' proposed by . It is regarded as one of the most comprehensive and general research works providing the integrated design optimization techniques for engineering structures. The integration of geometric modeling, conventional boundary shape variation approach and topology optimization based on homogenization or evolutionary (Hard-kill) methods have been accomplished for two-dimensional problem. In addition, an automatic fitting technique has been developed and more recently a genetic algorithm tool has been incorporated to deal with discrete structures. More specific information about integrated design optimization concept for two-dimensional model of structures can be found in References .
However, the integrated design optimization for spatial structures has not been found in open literature to the author' s knowledge. Therefore, a procedure of the integrated design optimization is proposed here for spatial structures.
INTEgRaTED DESIgN OpTImIzaTION pROCESS
In this study, the term 'the integrated design optimization' is defined as the combined uses of the individual optimization process with some interfaces. Therefore, the present integrated design optimization system will not be regarded as one computer program but is considered as a system linking the individual processes by an out-of-core data transfer. In the present system, the topology optimization tool, the size optimization tool and the layout editing tool may be regarded as the main components. The basic process of the present integrated design optimization is based on the idea used with two dimensional structural models . The components used in the integrated design optimization are summarized in this section.
Geometric Modeling
The main purpose of the geometric modeling tool is to represent the initial configuration of structure as accurately as possible using a set of geometric data points which are used to interpolate a shape by various types of spline functions or related surface patches as described in Reference (Lee, 1998) . Basic mathematical representations of structural geometry were introduced by Coons, Ferguson and Bezier (Coons, 1964; . More recently, a sophisticated geometric definition known as a NURBS (nonuniform, rational B-spline surface) representation has become widely used in computer aided geometric design and even in engineering analysis. In this study, cubic spline geometric representations are used to model the initial configuration of structure. See Figure 1 .
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Finite element mesh preparation
Both structured and unstructured meshes may be used for finite element analysis. Multi-block and advancing front methods are employed to prepare the structured and unstructured finite element meshes respectively.
 Multi-block approach in structured mesh: The idea behind multi-block is to represent the object to be meshed tive finite element analysis is employed. Figure 2 shows examples of FE mesh generation. 
Topology Optimization
Topology optimization is a process for finding an optimal structural topology. It has created a huge impact on the existing structural design optimization process because many other new concepts have been devised after the introduction of the topology optimization. In this study, a topology optimization has been carried out using the artificial material model (or SIMP model) and the original resizing algorithm . The original resizing 
Finite element mesh preparation
■ Multi-block approach in structured mesh: The idea behind multi-block is to represent the object to be meshed by a series of block or super-elements rather like a coarse finite element meshes of isoparametric elements. Then following the curvilinear line of each block or super-element a mesh of much finer elements may be obtained Zienkiewicz and Taylor, 1989) . ■ Advancing front: The advancing front method is a grid generation technique which is based on the simultaneous point generation and connection. With a given set of points which define a geometrical boundary or boundaries and a measure of the local spacing required within the domain, the method extends or advances the boundary connectivity into the field. Grid points are generated and connected to other local points and in this way the grid is advanced or grows away from the boundaries. The grid point density is controlled by user specified parameters which is often called the background mesh. For a uniform distribution of points, the background mesh can be a single triangle with point spacing parameters assigned to each of the three nodes. Points in the interior of the domain are created to be consistent with the background spacing . See Figure 2 .
Note that the finite element mesh data will not be changed during the optimization process unless an adaptive finite element analysis is employed. Figure 2 shows examples of FE mesh generation.
Topology Optimization
Topology optimization is a process for finding an optimal structural topology. It has created a huge impact on the existing structural design optimization process because many other new concepts have been devised after the introduction of the topology optimization. In this study, a topology optimization has been
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in which MAX = max {(1 − ζ)r e k , 0} , MIN = min {(1 + ζ)r e k , 0}, η is a tuning parameter and ζ is a move limit. The subscript k implies the k th iteration. B r e k is the value of B r e at iteration k in the resizing algorithm. The term B r e can be written as
∂U � e ∂r e
= 1 or B r e = 1 (2)
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(a) Using a given volume fraction V f , calculate the initial value of design variables which are the material density parameter r e in which 2 timal structural topology. It has created a huge impact on the existing structural design optimization process because many other new concepts have been devised after the introduction of the topology optimization. In this study, a topology optimization has been carried out using the artificial material model (or SIMP model) and the original resizing algorithm 
(a) Using a given volume fraction V f , calculate the initial value of design variables which are the material density parameter r e 2 timal structural topology. It has created a huge impact on the existing structural design optimization process because many other new concepts have been devised after the introduction of the topology optimization. In this study, a topology optimization has been carried out using the artificial material model (or SIMP model) and the original resizing algorithm 
(a) Using a given volume fraction V f , calculate the initial value of design variables which are the material density parameter r e 2 timal structural topology. It has created a huge impact on the existing structural design optimization process because many other new concepts have been devised after the introduction of the topology optimization. In this study, a topology optimization has been carried out using the artificial material model (or SIMP model) and the original resizing algorithm . The original resizing algorithm can be written in the following form:
(a) Using a given volume fraction V f , calculate the initial value of design variables which are the material density parameter r e , 2 timal structural topology. It has created a huge impact on the existing structural design optimization process because many other new concepts have been devised after the introduction of the topology optimization. In this study, a topology optimization has been carried out using the artificial material model (or SIMP model) and the original resizing algorithm . The original resizing algorithm can be written in the following form:
(a) Using a given volume fraction V f , calculate the initial value of design variables which are the material density parameter r e 2 for finite element analysis. Multi-block and advancfront methods are employed to prepare the structured unstructured finite element meshes respectively. lti-block approach in structured mesh: The idea bed multi-block is to represent the object to be meshed a series of block or super-elements rather like a coarse ite element meshes of isoparametric elements. Then lowing the curvilinear line of each block or superment a mesh of much finer elements may be obtained inton et al., 1984; Zienkiewicz and Taylor, 1989) . vancing front: The advancing front method is a grid neration technique which is based on the simultaneous int generation and connection. With a given set of ints which define a geometrical boundary or boundas and a measure of the local spacing required within domain, the method extends or advances the boundconnectivity into the field. Grid points are generated d connected to other local points and in this way the d is advanced or grows away from the boundaries. e grid point density is controlled by user specified paeters which is often called the background mesh. r a uniform distribution of points, the background sh can be a single triangle with point spacing parames assigned to each of the three nodes. Points in the erior of the domain are created to be consistent with background spacing . See Figure 2 .
ote that the finite element mesh data will not be ged during the optimization process unless an adapthe existing structural design optimization process because many other new concepts have been devised after the introduction of the topology optimization. In this study, a topology optimization has been carried out using the artificial material model (or SIMP model) and the original resizing algorithm . The original resizing algorithm can be written in the following form:
(a) Using a given volume fraction V f , calculate the initial value of design variables which are the material density parameter r e , 2 for finite element analysis. Multi-block and advancont methods are employed to prepare the structured nstructured finite element meshes respectively.
lti-block approach in structured mesh: The idea bemulti-block is to represent the object to be meshed series of block or super-elements rather like a coarse te element meshes of isoparametric elements. Then owing the curvilinear line of each block or superent a mesh of much finer elements may be obtained nton et al., 1984; Zienkiewicz and Taylor, 1989) . ancing front: The advancing front method is a grid eration technique which is based on the simultaneous nt generation and connection. With a given set of nts which define a geometrical boundary or boundaand a measure of the local spacing required within domain, the method extends or advances the boundconnectivity into the field. Grid points are generated connected to other local points and in this way the is advanced or grows away from the boundaries. grid point density is controlled by user specified paeters which is often called the background mesh. a uniform distribution of points, the background h can be a single triangle with point spacing parameassigned to each of the three nodes. Points in the rior of the domain are created to be consistent with background spacing . See Figure 2 .
te that the finite element mesh data will not be ed during the optimization process unless an adapthe existing structural design optimization process because many other new concepts have been devised after the introduction of the topology optimization. In this study, a topology optimization has been carried out using the artificial material model (or SIMP model) and the original resizing algorithm . The original resizing algorithm can be written in the following form:
(a) Using a given volume fraction V f , calculate the initial value of design variables which are the material density parameter r e is a tuning parameter and 2 structural topology. It has created a huge impact on isting structural design optimization process because other new concepts have been devised after the inction of the topology optimization. In this study, a ogy optimization has been carried out using the artifiaterial model (or SIMP model) and the original ng algorithm 
hich MAX = max {(1 − ζ)r e k , 0} , MIN = min {(1 + 0}, η is a tuning parameter and ζ is a move limit. ubscript k implies the k th iteration. B r e k is the val-B r e at iteration k in the resizing algorithm. The term an be written as
he overall resizing algorithm is implemented as folUsing a given volume fraction V f , calculate the inivalue of design variables which are the material sity parameter r e is a move limit. The subscript 2 ment analysis. Multi-block and advancare employed to prepare the structured inite element meshes respectively. roach in structured mesh: The idea beis to represent the object to be meshed ck or super-elements rather like a coarse eshes of isoparametric elements. Then urvilinear line of each block or superof much finer elements may be obtained 84; Zienkiewicz and Taylor, 1989) . : The advancing front method is a grid ique which is based on the simultaneous and connection. With a given set of fine a geometrical boundary or boundaure of the local spacing required within method extends or advances the boundinto the field. Grid points are generated o other local points and in this way the d or grows away from the boundaries. ensity is controlled by user specified pais often called the background mesh. distribution of points, the background ngle triangle with point spacing parameeach of the three nodes. Points in the omain are created to be consistent with pacing . See Figure 2 . finite element mesh data will not be e optimization process unless an adapthe existing structural design optimization process because many other new concepts have been devised after the introduction of the topology optimization. In this study, a topology optimization has been carried out using the artificial material model (or SIMP model) and the original resizing algorithm . The original resizing algorithm can be written in the following form:
(a) Using a given volume fraction V f , calculate the initial value of design variables which are the material density parameter r e implies the 2 topology. It has created a huge impact on ctural design optimization process because concepts have been devised after the ine topology optimization. In this study, a zation has been carried out using the artifiodel (or SIMP model) and the original m . The original resizing e written in the following form:
= max {(1 − ζ)r e k , 0} , MIN = min {(1 + tuning parameter and ζ is a move limit. implies the k th iteration. B r e k is the valation k in the resizing algorithm. The term ten as
= 1 or B r e = 1 (2) resizing algorithm is implemented as foliven volume fraction V f , calculate the inidesign variables which are the material eter r e iteration.
2 pology. It has created a huge impact on ural design optimization process because oncepts have been devised after the intopology optimization. In this study, a tion has been carried out using the artifiel (or SIMP model) and the original . The original resizing written in the following form:
max {(1 − ζ)r e k , 0} , MIN = min {(1 + ning parameter and ζ is a move limit.
plies the k th iteration. B r e k is the valion k in the resizing algorithm. The term as
∂U � e ∂r e = 1 or B r e = 1 (2) sizing algorithm is implemented as folen volume fraction V f , calculate the iniesign variables which are the material er r e is the value of 2 ed to prepare the structured t meshes respectively.
ructured mesh: The idea besent the object to be meshed -elements rather like a coarse oparametric elements. Then ine of each block or superer elements may be obtained wicz and . ncing front method is a grid is based on the simultaneous ection. With a given set of etrical boundary or boundaocal spacing required within ends or advances the boundld. Grid points are generated l points and in this way the away from the boundaries. ntrolled by user specified paalled the background mesh.
of points, the background e with point spacing paramethree nodes. Points in the reated to be consistent with nz, 1995). See Figure 2 .
ent mesh data will not be tion process unless an adapthe existing structural design optimization process because many other new concepts have been devised after the introduction of the topology optimization. In this study, a topology optimization has been carried out using the artificial material model (or SIMP model) and the original resizing algorithm . The original resizing algorithm can be written in the following form:
(a) Using a given volume fraction V f , calculate the initial value of design variables which are the material density parameter r e at iteration k in the resizing algorithm. The term 2 ck and advance the structured ectively.
h: The idea bet to be meshed er like a coarse elements. Then lock or superay be obtained lor, 1989) . ethod is a grid e simultaneous a given set of ary or boundarequired within ces the boundts are generated in this way the the boundaries. er specified pakground mesh. he background pacing paramePoints in the consistent with e Figure 2 . ta will not be unless an adaptimal structural topology. It has created a huge impact on the existing structural design optimization process because many other new concepts have been devised after the introduction of the topology optimization. In this study, a topology optimization has been carried out using the artificial material model (or SIMP model) and the original resizing algorithm 
(a) Using a given volume fraction V f , calculate the initial value of design variables which are the material density parameter r e can be written as many other new concepts have been devised after the introduction of the topology optimization. In this study, a topology optimization has been carried out using the artificial material model (or SIMP model) and the original resizing algorithm . The original resizing algorithm can be written in the following form:
(a) Using a given volume fraction V f , calculate the initial value of design variables which are the material density parameter r e
The overall resizing algorithm is implemented as follows: (a) Using a given volume fraction 2 troduction of the topology optimization. In this study, a topology optimization has been carried out using the artificial material model (or SIMP model) and the original resizing algorithm . The original resizing algorithm can be written in the following form:
(a) Using a given volume fraction V f , calculate the initial value of design variables which are the material density parameter r e , calculate the initial value of design variables which are the material density parameter 2 troduction of the topology optimization. In this study, a topology optimization has been carried out using the artificial material model (or SIMP model) and the original resizing algorithm . The original resizing algorithm can be written in the following form:
(a) Using a given volume fraction V f , calculate the initial value of design variables which are the material density parameter r e (b) Calculate the mode shape (b) Calculate the mode shape Φ using the artificial material model (c) Calculate the modal strain energies U � e (d) Calculate Lagrangian multiplier Λ using (2) (e) Update design variables (e.1) Update material density parameters r e using (10) (e.2) Check whether new material density parameters r e are satisfied with the volume constraint under the given tolerance δ (e.3) If yes, go to (f). Otherwise, use bisection method until the volume constraint is satisfied and then it is satisfied, go to (f) (f) Filtering the design variables if lower order finite element is used (g) If the termination criterion is satisfied, stop. Otherwise, repeat (b)-(f) It should be note that a standard nine-node Lagrangian plane stress/strain element is employed in the response analysis.
Layout editing and transformation
As described earlier, integrated optimization will be considered as a combination of several individual optimization processes. Interfaces are therefore required between the optimization modules. One of the main interfaces for integrated optimization is the layout editing and transformation since the migration from the topology optimization to the size optimizations requires editing tools so that the structural topology can be 'cleaned' and parameterized prior to performing the size optimization. The editing process of structural topology can be done interactively.
The use of the tool Rhinos (2006) can be regarded as an interactive method. The editing process can be basically achieved by interactively selecting points on the optimal topology to form the layout of the spatial structure.
In this study, there is only one way of editing the topology. The void zone will be disregarded and the material zone will be then replaced by candidate line member as illustrated in Figure 3 . mized by updating the size of cross section. Gradientbased methods (or mathematical programming methods) are employed to obtain the optimum size distribution. The gradients of the objective and constraint functions are calculated using the forward finite difference. The process diagram of size optimization is illustrated in Figure 4 . The optimizer DoT (1996) is used as 'a black box' and more specifically the adopted optimizer are incorporated into the finite element analysis program using a macro command concept . In the adopted optimizer, three optimization techniques are available for constrained optimization: (a) sequential quadratic programming (SQP), (b) sequential linear programming (SLP), and (c) the modified feasible direction method (MFDM). The SQP method approximates the objective function as a quadratic form and it has provided satisfactory results in this study. The further information about the mathematical programming methods used in this study can be found in References (Arora, 1989; Vanderplaats, 1984 It should be note that a standard nine-node Lagrangian plane stress/strain element is employed in the response analysis.
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As described earlier, integrated optimization will be considered as a combination of several individual optimization processes. Interfaces are therefore required between the optimization modules. One of the main interfaces for integrated optimization is the layout editing and transformation since the migration from the topology optimization to the size optimizations requires editing tools so that the structural topology can be ' cleaned' and parameterized prior to performing the size optimization. The editing process of structural topology can be done interactively.
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topology to form the layout of the spatial structure.
In this study, there is only one way of editing the topology. The void zone will be disregarded and the material zone will be then replaced by candidate line member as illustrated in Figure 3 . 
Size optimization
For size optimization, the cross section areas are used as design variables and the weight of structure is minimized by updating the size of cross section. Gradient-based methods (or mathematical programming methods) are employed to obtain the optimum size distribution. The gradients of the objective and constraint functions are calculated using the forward finite difference. The process diagram of size optimization is illustrated in Figure 4 . The optimizer DoT (1996) is used as 'a black box' and more specifically the adopted optimizer are incorporated into the finite element analysis program using a macro command concept . In the adopted optimizer, three optimization techniques are available for constrained optimization: (a) sequential quadratic programming (SQP), (b) sequential linear programming (SLP), and (c) the modified feasible direction method (MFDM). The SQP method approximates the objective function as a quadratic form and it has provided satisfactory results in this study. The further information about the mathematical programming methods used in this study can be found in References (Arora, 1989; Vanderplaats, 1984) .
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Layout editing and transformation
In this study, there is only one way of editing the topology. The void zone will be disregarded and the material zone will be then replaced by candidate line member as illustrated in Figure 3. mized by updating the size of cross section. Gradientbased methods (or mathematical programming methods) are employed to obtain the optimum size distribution. The gradients of the objective and constraint functions are calculated using the forward finite difference. The process diagram of size optimization is illustrated in Figure 4 . The optimizer DoT (1996) is used as 'a black box' and more specifically the adopted optimizer are incorporated into the finite element analysis program using a macro command concept . In the adopted optimizer, three optimization techniques are available for constrained optimization: (a) sequential quadratic programming (SQP), (b) sequential linear programming (SLP), and (c) the modified feasible direction method (MFDM). The SQP method approximates the objective function as a quadratic form and it has provided satisfactory results in this study. The further information about the mathematical programming methods used in this study can be found in References (Arora, 1989; Vanderplaats, 1984) . Although we use a black box optimizer, the definition of the optimization problem is required to develop the size optimization code. In this study, the size optimization problem is defined by the following expression: Although we use a black box optimizer, the definition of the optimization problem is required to develop the size optimization code. In this study, the size optimization problem is defined by the following expression: Although we use a black box optimizer, the definition of the optimization problem is required to develop the size optimization code. In this study, the size optimization problem is defined by the following expression:
where = [s 1 , s 1 , ⋯ , s ndv ] is the vector of design variables and k is the number of constraints.
Since we deal with the weight minimization of the spatial structures, the objective function Ψ( ) can be defined as follows:
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can be defined as follows:
where A e is the cross-section area of the element , ℓ e is its length and ρ is the density of the material. Constraint function g i ( ) can be expressed in a nondimensional form as
where σ e , u n are the stress and the displacement in the element and node n respectively and σ all , u all are the allowable stress and displacement 2.6 The process of integration design optimization
In this study, integrated design optimization is performed by using a combined use of individual types of optimization using the following procedure:
 Define the optimization problem.  Define the initial configuration (or design domain) using cubic B-spline.  Prepare the initial finite element analysis data and structural optimization parameters.  Carry out the topology optimization using artificial material model (or SIMP model).  Consider the strong material zone only to find the new layout of the structure interactively.  Conduct size optimization with new layout obtained from the previous step 3. NUMERICAL TEST
In this section, the efficiency of the present integrated design optimization process is demonstrated for a spatial structure. For this purpose, the design of a unit spatial structure is considered. Note that this structure was once considered in the research project (Lee, 2007) for large spatial structures and we use it as the initial structure here. The target structure is illustrated in Figure 5 .
The main aim of this problem is to produce a stiff spatial structure with less material. To begin with the integrated design optimization process, we first have to set up the design domain for the target structure as illustrated in Figure 6 . The geometry of design domain has the span L= 35m and the height H = 25m. The following material properties are used: elastic modulus E = 210 GPa and Poisson ratio ν = 0.3. A uniform load is applied at top of the design domain with a magnitude of Q = 25kN/m. The first step of integrated design optimization is to model the geometry of design domain. The design domain is modeled by the cubic spline definition. We use nine key points and nine segments to create the geometric model of design domain for target structure as illustrated in Figure 7 .
 Define the optimization problem.  Define the initial configuration (or design domain) using cubic B-spline.  Prepare the initial finite element analysis data and structural optimization parameters.  Carry out the topology optimization using artificial material model (or SIMP model).  Consider the strong material zone only to find the new layout of the structure interactively.  Conduct size optimization with new layout obtained from the previous step
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The process of integration design optimization
In this study, integrated design optimization is performed by using a combined use of individual types of optimization using the following procedure: ■ Define the optimization problem. ■ Define the initial configuration (or design domain) using cubic B-spline. ■ Prepare the initial finite element analysis data and structural optimization parameters. ■ Carry out the topology optimization using artificial material model (or SIMP model). ■ Consider the strong material zone only to find the new layout of the structure interactively. ■ Conduct size optimization with new layout obtained from the previous step
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The main aim of this problem is to produce a stiff spatial structure with less material. To begin with the integrated design optimization process, we first have to set up the design domain for the target structure as illustrated in Fig The first step of integrated design optimization is to model the geometry of design domain. The design domain is modeled by the cubic spline definition. We use nine key points and nine segments to create the geometric model of design domain for target structure as illustrated in Figure 7 . 
Step I: Geometric definition
The first step of integrated design optimization is to model the geometry of design domain. The design domain is modeled by the cubic spline definition. We use nine key points and nine segments to create the geometric model of design domain for target structure as illustrated in Figure 7 . , 2007) main is modeled by the cubic spline definition. We use nine key points and nine segments to create the geometric model of design domain for target structure as illustrated in Figure 7 . In the second step, the FE mesh will be prepared. In this problem, two FE meshes are generated by the block mesh generatorand unstructured mesh generator and illustrated in Figure 8 . 
Step II: FE mesh generation
In the second step, the FE mesh will be prepared. In this problem, two FE meshes are generated by the block mesh generatorand unstructured mesh generator and illustrated in Figure 8 . The structured mesh generator produces a mesh of 1375, nine-node elements and the unstructured mesh generator creates a mesh of 1155, nine-node elements to discretize the design domain for topology optimization of the next step. For block mesh generator, we introduce five blocks for whole design domain and use three additional key the whole region (Ω) is redistributed into two subregions at various stage in the topology optimization. One region is the new material zone, Ω 1 -the dark zone of topology optimization result and the other is the void zone, Ω 2 -the light zone of topology optimization. The structured mesh generator produces a mesh of 1375, ninenode elements and the unstructured mesh generator creates a mesh of 1155, nine-node elements to discretize the design domain for topology optimization of the next step. For block mesh generator, we introduce five blocks for whole design domain and use three additional key points illustrated in Figure 7 .
Step III: Topology optimization
The topology optimization is then carried out using artificial material model (or SIMP model). The structured FE mesh in Figure  8 (top) is first used. In order to produce a clear optimum topology for the target structure, we first use different volume fractions
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The topology optimization is then carried out using artificial material model (or SIMP model). The structured FE mesh in Figure 8 (top) is first used. In order to produce a clear optimum topology for the target structure, we first use different volume fractions . In this example, the tuning parameter η, the move limit ζ and the tolerance of volume are assigned to be fixed values equal to 0.8, 0.04 and 0.001 respectively (Lee, 1998) . Figure 9 (a-d) shows the resulting optimal topologies for values of volume fraction ranging from 50% to 80% using structured mesh. An optimum topology using unstructured mesh with =50% is also illustrated in Figure 9 (e). As shown in Figure 9 , the material in . In this example, the tuning parameter
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The topology optimization is then carried out using artificial material model (or SIMP model). The structured FE mesh in Figure 8 (top) is first used. In order to produce a clear optimum topology for the target structure, we first use different volume fractions . In this example, the tuning parameter η, the move limit ζ and the whole region (Ω) is redistributed into two subregions at various stage in the topology optimization. One region is the new material zone, Ω 1 -the dark zone of topology optimization result and the other is the void zone, Ω 2 -the light zone of topology optimization. Figure 9 Topologies using structured mesh with respect to different volume fractions ( ): (a) 50%, (b) 60%, (c) 70% and (d) 80% of the volume of the initial configuration of target structure; (e) topology using unstructured FE mesh with volume fraction = 50% of the initial configuration of target structure.
3. 4 Step IV: Layout editing and transformation
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Step III: Topology optimization
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The topology optimization is then carried out using artificial material model (or SIMP model). The structured FE mesh in Figure 8 (top) is first used. In order to produce a clear optimum topology for the target structure, we first use different volume fractions . In this the whole region (Ω) is redistributed into two subregions at various stage in the topology optimization. One region is the new material zone, Ω 1 -the dark zone of topology optimization result and the other is the void zone, Ω 2 -the light zone of topology optimization. 3. 4 Step IV: Layout editing and transformation
The optimum topology consists of two regions Ω 1 and Ω 2 as described in Step III. To obtain new topology, the of the initial configuration of target structure.
Step IV: Layout editing and transformation
The optimum topology consists of two regions 5 Figure 9 Topologies using structured mesh with respect to different volume fractions ( ): (a) 50%, (b) 60%, (c) 70% and (d) 80% of the volume of the initial configuration of target structure; (e) topology using unstructured FE mesh with volume fraction = 50% of the initial configuration of target structure.
The optimum topology consists of two regions Ω 1 and Ω 2 as described in Step III. To obtain new topology, the void region Ω 2 will not be considered. This process is achieved by an interactive layout editing which will have a bi-stage process: (1) Identifying the material zone Ω 1 and (2) put the lines on the material zone to produce new layout of spatial structures. In this study, it is achieved by Rhinos (2006) and new layouts of the target structure are illustrated in Figure 10 (top) for structured mesh and in Figure 10 (bottom) for unstructured mesh. and 5 opology optimization ogy optimization is then carried out using terial model (or SIMP model). The strucsh in Figure 8 (top) is first used. In order to ear optimum topology for the target struct use different volume fractions . In this tuning parameter η, the move limit ζ and of volume are assigned to be fixed values , 0.04 and 0.001 respectively (Lee, 1998) . d) shows the resulting optimal topologies f volume fraction ranging from 50% to tructured mesh. An optimum topology usured mesh with =50% is also illustrated e). As shown in Figure 9 , the material in ogy using unstructured FE mesh with volume fraction = 50% of the initial configuration of target structure.
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and (2) put the lines on the material zone to produce new layout of spatial structures. In this study, it is achieved by Rhinos (2006) and new layouts of the target structure are illustrated in Figure 10 (top) for structured mesh and in Figure 10 (bottom) for unstructured mesh. After the layout editing, we can have new layouts from topology optimization results as illustrated in Figure 10 . The new layouts will be alternative discrete structures to the target structure illustrated in Figure 5 . Here, three alternative truss structures are designed by using the result of layout editing in Figure 10 (top) and it will be used for size optimization in the next step. The first truss structure (Case I) has 77 elements and 38 nodes, the second truss structure (Case II) has 83 elements and 40 node and the last truss structure (Case III) has 77 element and 38 nodes. Step VI: Size optimization As described earlier, the weight of truss structures is adopted as the objective function to be minimized together with two constraints which are defined by using the allowable stress ( ) and displacement ( ). See Section 2.5. The SQP is used to calculate optimal size distributions of the spatial structure.
First, it is important to decide the number of design variable for size optimization. In this study, we use the stress level of the structure. As an example, the stress distribution of a new truss structure (Case I) is illustrated in Figure 12 . We categorize all members of the structure into six groups according to the stress level of structure. All the members within the same group are going to have the same design variable number in the optimization process. 
3.5
Step V: New layout After the layout editing, we can have new layouts from topology optimization results as illustrated in Figure 10 . The new layouts will be alternative discrete structures to the target structure illustrated in Figure 5 . Here, three alternative truss structures are designed by using the result of layout editing in Figure 10 (top) and it will be used for size optimization in the next step. The first truss structure (Case I) has 77 elements and 38 nodes, the second truss structure (Case II) has 83 elements and 40 node and the last truss structure (Case III) has 77 element and 38 nodes.
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As described earlier, the weight of truss structures is adopted as the objective function to be minimized together with two constraints which are defined by using the allowable stress ( ) and displacement ( ). See Section 2.5. The SQP is used to calculate optimal size distributions of the spatial structure.
First, it is important to decide the number of design variable for size optimization. In this study, we use the stress level of the structure. As an example, the stress distribution of a new truss structure (Case I) is illustrated in Figure 12 . We categorize all members of the structure into six groups according to the stress level of structure. All the members within the same group are going to have the same design variable number in the optimization process.
). See Section 2.5. The SQP is used to calculate optimal size distributions of the spatial structure.
First, it is important to decide the number of design variable for size optimization. In this study, we use the stress level of the structure. As an example, the stress distribution of a new truss structure (Case I) is illustrated in Figure 12 . We categorize all members of the structure into six groups according to the stress level of structure. All the members within the same group are going to have the same design variable number in the optimization process. Figure 12 . We categorize all members of the structure into six groups according to the stress level of structure. All the members within the same group are going to have the same design variable number in the optimization process. For other cases, we also decide design variables in similar way used in Case I. The stress levels and member groups for Cases II and III are illustrated in Figures 13 and 14 . Note that grouping will take place interactively or automatically. For automatic member grouping, the equal range of the stress except the first and last range of the stress distribution will be used as shown in Figure 14 .
For other cases, we also decide design variables in similar way used in Case I. The stress levels and member groups for Cases II and III are illustrated in Figures 13 and 14. Note that grouping will take place interactively or automatically. For automatic member grouping, the equal range of the stress except the first and last range of the stress distribution will be used as shown in Figure 14 . The final result of the member grouping for three cases Now we can precede the size optimization for Cases I, II and III. In the optimization, the steel type SS400 and a circular pipe are used for all members. The following material properties are used: elastic modulus E = 210 GPa, cross section area A = 0.02 m 2 , material density ρ = 7.8 kN/m 3 and allowable stress σ = 12000 kN/ m 2 and allowable displacement u =0.1m. A uniform load is applied at top of the unit spatial structure Q = 25kN/m. As described earlier, the SQP is used to search the optimum solutions.
The optimization histories and the resulting optimal size distributions of truss member are illustrated in From the optimization results, the weight of structure is reduced up to 24.64% of the initial weights for Case I after 17 iterations. For Case II, the weight of structure is reduced up to 24.76% of the initial weights after 16 iterations. For other cases, we also decide design variables in similar way used in Case I. The stress levels and member groups for Cases II and III are illustrated in Figures 13 and 14. Note that grouping will take place interactively or automatically. For automatic member grouping, the equal range of the stress except the first and last range of the stress distribution will be used as shown in Figure 14 . The final result of the member grouping for three cases is summarized in Table 1 . Now we can precede the size optimization for Cases I, II and III. In the optimization, the steel type SS400 and a circular pipe are used for all members. The following material properties are used: elastic modulus E = 210 GPa, cross section area A = 0.02 m 2 , material density ρ = 7.8 kN/m 3 and allowable stress σ = 12000 kN/ m 2 and allowable displacement u =0.1m. A uniform load is applied at top of the unit spatial structure Q = 25kN/m. As described earlier, the SQP is used to search the optimum solutions.
The optimization histories and the resulting optimal size distributions of truss member are illustrated in From the optimization results, the weight of structure is reduced up to 24.64% of the initial weights for Case I after 17 iterations. For Case II, the weight of structure is reduced up to 24.76% of the initial weights after 16 iterations. The final result of the member grouping for three cases is summarized in Table 1 Now we can precede the size optimization for Cases I, II and III. In the optimization, the steel type SS400 and a circular pipe are used for all members. The following material properties are used: elastic modulus we also decide design variables in simiCase I. The stress levels and member I and III are illustrated in Figures 13 and ping will take place interactively or auautomatic member grouping, the equal s except the first and last range of the will be used as shown in Figure 14 . Now we can precede the size optimization for Cases I, II and III. In the optimization, the steel type SS400 and a circular pipe are used for all members. The following material properties are used: elastic modulus E = 210 GPa, cross section area A = 0.02 m 2 , material density ρ = 7.8 kN/m 3 and allowable stress σ = 12000 kN/ m 2 and allowable displacement u =0.1m. A uniform load is applied at top of the unit spatial structure Q = 25kN/m. As described earlier, the SQP is used to search the optimum solutions.
The optimization histories and the resulting optimal size distributions of truss member are illustrated in Figures From the optimization results, the weight of structure is reduced up to 24.64% of the initial weights for Case I after 17 iterations. For Case II, the weight of structure is reduced up to 24.76% of the initial weights after 16 iterations. Figure 16 Optimum size distributions for Case II , cross section area For other cases, we also decide design variables in similar way used in Case I. The stress levels and member groups for Cases II and III are illustrated in Figures 13 and  14 . Note that grouping will take place interactively or automatically. For automatic member grouping, the equal range of the stress except the first and last range of the stress distribution will be used as shown in Figure 14 . The final result of the member grouping for three cases is summarized in Table 1 . Now we can precede the size optimization for Cases I, II and III. In the optimization, the steel type SS400 and a circular pipe are used for all members. The following material properties are used: elastic modulus E = 210 GPa, cross section area A = 0.02 m 2 , material density ρ = 7.8 kN/m 3 and allowable stress σ = 12000 kN/ m 2 and allowable displacement u =0.1m. A uniform load is applied at top of the unit spatial structure Q = 25kN/m. As described earlier, the SQP is used to search the optimum solutions.
The optimization histories and the resulting optimal size distributions of truss member are illustrated in Figures From the optimization results, the weight of structure is reduced up to 24.64% of the initial weights for Case I after 17 iterations. For Case II, the weight of structure is reduced up to 24.76% of the initial weights after 16 iterations. 
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For other cases, we also decide design variables in similar way used in Case I. The stress levels and member groups for Cases II and III are illustrated in Figures 13 and  14 . Note that grouping will take place interactively or automatically. For automatic member grouping, the equal range of the stress except the first and last range of the stress distribution will be used as shown in Figure 14 . The final result of the member grouping for three cases is summarized in Table 1 . Now we can precede the size optimization for Cases I, II and III. In the optimization, the steel type SS400 and a circular pipe are used for all members. The following material properties are used: elastic modulus E = 210 GPa, cross section area A = 0.02 m 2 , material density ρ = 7.8 kN/m 3 and allowable stress σ = 12000 kN/ m 2 and allowable displacement u =0.1m. A uniform load is applied at top of the unit spatial structure Q = 25kN/m. As described earlier, the SQP is used to search the optimum solutions.
The optimization histories and the resulting optimal size distributions of truss member are illustrated in Figures From the optimization results, the weight of structure is reduced up to 24.64% of the initial weights for Case I after 17 iterations. For Case II, the weight of structure is reduced up to 24.76% of the initial weights after 16 iterations. Figure 16 Optimum size distributions for Case II and allowable stress For other cases, we also decide design variables in similar way used in Case I. The stress levels and member groups for Cases II and III are illustrated in Figures 13 and  14 . Note that grouping will take place interactively or automatically. For automatic member grouping, the equal range of the stress except the first and last range of the stress distribution will be used as shown in Figure 14 . The final result of the member grouping for three cases is summarized in Table 1 . Figure   For other cases, we also decide design variables in similar way used in Case I. The stress levels and member groups for Cases II and III are illustrated in Figures 13 and  14 . Note that grouping will take place interactively or automatically. For automatic member grouping, the equal range of the stress except the first and last range of the stress distribution will be used as shown in Figure 14 . The final result of the member grouping for three cases is summarized in Table 1 . Now we can precede the size optimization for Cases I, II and III. In the optimization, the steel type SS400 and a circular pipe are used for all members. The following material properties are used: elastic modulus E = 210 GPa, cross section area A = 0.02 m 2 , material density ρ = 7.8 kN/m 3 and allowable stress σ = 12000 kN/ m 2 and allowable displacement u =0.1m. A uniform load is applied at top of the unit spatial structure Q = 25kN/m. As described earlier, the SQP is used to search the optimum solutions.
The optimization histories and the resulting optimal size distributions of truss member are illustrated in Figures From the optimization results, the weight of structure is reduced up to 24.64% of the initial weights for Case I after 17 iterations. For Case II, the weight of structure is reduced up to 24.76% of the initial weights after 16 iterations. Figure 16 Optimum size distributions for Case II and allowable displacement For other cases, we also decide design variables in similar way used in Case I. The stress levels and member groups for Cases II and III are illustrated in Figures 13 and  14 . Note that grouping will take place interactively or automatically. For automatic member grouping, the equal range of the stress except the first and last range of the stress distribution will be used as shown in Figure 14 . The final result of the member grouping for three cases is summarized in Table 1 . Now we can precede the size optimization for Cases I, II and III. In the optimization, the steel type SS400 and a circular pipe are used for all members. The following material properties are used: elastic modulus E = 210 GPa, cross section area A = 0.02 m 2 , material density ρ = 7.8 kN/m 3 and allowable stress σ = 12000 kN/ m 2 and allowable displacement u =0.1m. A uniform load is applied at top of the unit spatial structure Q = 25kN/m. As described earlier, the SQP is used to search the optimum solutions.
The optimization histories and the resulting optimal size distributions of truss member are illustrated in Figures 15, 16 and 17 for Cases I, II and III respectively. From the optimization results, the weight of structure is reduced up to 24.64% of the initial weights for Case I after 17 iterations. For Case II, the weight of structure is reduced up to 24.76% of the initial weights after 16 iterations. Figure 16 Optimum size distributions for Case II =0.1m. A uniform load is applied at top of the unit spatial structure For other cases, we also decide design variables in similar way used in Case I. The stress levels and member groups for Cases II and III are illustrated in Figures 13 and  14 . Note that grouping will take place interactively or automatically. For automatic member grouping, the equal range of the stress except the first and last range of the stress distribution will be used as shown in Figure 14 . The final result of the member grouping for three cases is summarized in Table 1 . Now we can precede the size optimization fo and III. In the optimization, the steel type SS circular pipe are used for all members. The fol terial properties are used: elastic modulus E = cross section area A = 0.02 m 2 , materi ρ = 7.8 kN/m 3 and allowable stress σ = m 2 and allowable displacement u =0.1m. load is applied at top of the unit spatia Q = 25kN/m. As described earlier, the SQP search the optimum solutions.
The optimization histories and the resulting o distributions of truss member are illustrated in 16 and 17 for Cases I, II and III respectively. From the optimization results, the weight of reduced up to 24.64% of the initial weights for 17 iterations. For Case II, the weight of stru duced up to 24.76% of the initial weights afte tions. Figure 16 Optimum size distributions for Case . As described earlier, the SQP is used to search the optimum solutions.
The optimization histories and the resulting optimal size distributions of truss member are illustrated in Figures 15, 16 and 17 for Cases I, II and III respectively.
The optimization histories and the resulting optimal size distributions of truss member are illustrated in Figures 15, 16 and 17 for Cases I, II and III respectively. From the optimization results, the weight of structure is reduced up to 24.64% of the initial weights for Case I after 17 iterations. For Case II, the weight of structure is reduced up to 24.76% of the initial weights after 16 iterations. For other cases, we also decide design variables in similar way used in Case I. The stress levels and member groups for Cases II and III are illustrated in Figures 13 and  14 . Note that grouping will take place interactively or automatically. For automatic member grouping, the equal range of the stress except the first and last range of the stress distribution will be used as shown in Figure 14 . The final result of the member grouping for three cases is summarized in Table 1 . Now we can precede the size optimization for Cases I, II and III. In the optimization, the steel type SS400 and a circular pipe are used for all members. The following material properties are used: elastic modulus E = 210 GPa, cross section area A = 0.02 m 2 , material density ρ = 7.8 kN/m 3 and allowable stress σ = 12000 kN/ m 2 and allowable displacement u =0.1m. A uniform load is applied at top of the unit spatial structure Q = 25kN/m. As described earlier, the SQP is used to search the optimum solutions.
The optimization histories and the resulting optimal size distributions of truss member are illustrated in Figures 15,  16 and 17 for Cases I, II and III respectively. From the optimization results, the weight of structure is reduced up to 24.64% of the initial weights for Case I after 17 iterations. For Case II, the weight of structure is reduced up to 24.76% of the initial weights after 16 iterations. From the optimization results, the weight of structure is reduced up to 24.64% of the initial weights for Case I after 17 iterations. For Case II, the weight of structure is reduced up to 24.76% of the initial weights after 16 iterations.
For Case III, the weight of structure is reduced up to 24.59% of the initial weights after 17 iterations.
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For Case III, the weight of structure is reduced up to 24.59% of the initial weights after 17 iterations. The optimized design variables for all three cases are described numerically in Table 2 . 
CONCULSIONS
A technique of integrated design optimization is proposed for spatial structures. The individual structural optimization tools are successfully combined with a layout editing process. The weight of spatial structure is considerably reduced by the proposed integrated design optimization. However, it is observed that engineering and design intuition is required to find the most suitable design of spatial structures when the present integrated design optimization is adopted in engineering practice. The optimized design variables for all three cases are described numerically in Table 2 . The optimized design variables for all three cases are described numerically in Table 2 . 
A technique of integrated design optimization is proposed for spatial structures. The individual structural optimization tools are successfully combined with a layout editing process. The weight of spatial structure is considerably reduced by the proposed integrated design optimization. However, it is observed that engineering and design intuition is required to find the most suitable design of spatial structures when the present integrated design optimization is adopted in engineering practice. The initial design variable (DV) is 0.02
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